The metabolism of the carcinogen benz[aJanthracene (BA), a tetracyclic aromatic hydrocarbon, by CunninghameUla elegans was investigated. C. elegans grown on Sabouraud dextrose broth transformed ['4C]BA to labeled BA trans-8,9-dihydrodiol (90%o), BA trans-10,11-dihydrodiol (6%), and BA trans-3,4-dihydrodiol (4%), but not to BA trans-5,6-dihydrodiol. These metabolites were separated by thin-layer chromatography and reversed-phase high-performance liquid chromatography and were identified by UV and mass spectral techniques. A BA tetraol, 80,9a, 10a,11,8-tetrahydroxy-8a,9I,10,11a-tetrahydro-BA, was also identified as a metabolite and may have arisen as an additional oxidation product of either BA 8,9-or 10,11-dihydrodiol. This is the first study in which a biologically produced BA tetraol has been identified. Our results suggest that the transformation of BA to trans-dihydrodiols by C. elegans is similar to the transformation of BA found in mammals, except that BA 5,6-dihydrodiol is not produced.
Benz [a] anthracene (BA) is a widely distributed environmental contaminant that has weaker carcinogenic activity than benzo[a]pyrene (11, 13, 20) . The results of short-term biological assays, mutagenicity and tumorigenicity assays, mammalian metabolism assays, and DNA binding studies have indicated that at least two pathways of metabolic activation of BA occur at the 3,4 and 8,9 double bonds (7, (26) (27) (28) (29) . The trans-3,4-and 8,9-dihydrodiols of BA are further metabolized in rat liver microsomes to form bay region and nonbay region dihydrodiol-epoxides, respectively (15, 23, 25) . The major DNA adducts formed during BA incubation in hamster embryo cell cultures or in rat liver homogenates indicate that the 8,9-dihydrodiol-10,11-epoxide and 3,4-dihydrodiol epoxide metabolites bind to DNA (11, 17, 18, 29) .
Little is known about the metabolism of BA by microorganisms (1, 2). Sisler and ZoBell (22) reported that marine microorganisms rapidly oxidized BA to carbon dioxide when they used BA as the sole source of carbon and energy. In contrast, Dean-Raymond and Bartha (9) observed little degradation of BA by marine pseudomonad isolates. BA is metabolized slowly by microorganisms present in freshwater and sediment samples and in activated sewage sludge (12) . The anomalous results of Sisler and ZoBell may have been caused by their experimental procedure of adsorbing BA on ignited sand. This may have affected the photochemical stability of the substrate, leading to faster biological degradation. To our knowledge, there have been only two studies in which bacterial metabolites of BA have been characterized. A biphenyldegrading Beijerinckia sp. oxidized BA to the cis-1,2-, cis-8,9-, and cis-10,11-dihydrodiols (10, 14) . Further metabolism of the cis-dihydrodiols yielded 1-hydroxy-2-anthranoic acid, 3-hydroxy-2-phenanthroic acid, and 2-hydroxy-3-phenanthroic acid (19) .
The results of recent studies on the metabolism of polycyclic aromatic hydrocarbons by eucaryotic microorganisms have * Corresponding author. Phone: (501) 543-7341. Fax: (501) 543-7307. been very similar to the results obtained with mammalian systems (5, 24) . The filamentous fungus Cunninghamella elegans exhibits a broad range of polycyclic aromatic hydrocarbon metabolism (6) . C. elegans metabolizes polycyclic aromatic hydrocarbons in a highly regio-and stereoselective manner with phase 1 biotransformations similar to those observed in mammals (3, 5, 24) . In this paper we describe the isolation and identification of metabolites formed from BA by C. elegans.
MATERIALS AND METHODS
Organisms and growth conditions. C. elegans ATCC 36112 was maintained on slants of Sabouraud dextrose agar. The inocula and conditions used for biotransformation experiments have been described previously (4, 21) . In a typical experiment, C. elegans was grown in 125-ml Erlenmeyer flasks containing 30 ml of Sabouraud dextrose broth. The cultures were incubated at 30°C on a rotary shaker at 150 rpm for 48 h. The cultures were then harvested by filtration through sterile cheesecloth and resuspended in 30 ml of fresh Sabouraud dextrose broth. BA (26 ,umol in 0.1 ml of dimethylformamide) was added to each flask, which then was carefully wrapped with aluminum foil to exclude light. The amount of dimethylformamide added did not affect growth (data not shown). In experiments in which radioactive substrates were used, [12- 14C]BA (1.13 ,uCi; 23 nmol in 0.2 ml of dimethylformamide) was added at the same time as unlabeled BA (26 ,umol in 0.1 ml of dimethylformamide). The incubation conditions were the same as those described above. At the end of each experiment, the cultures were examined by phase-contrast microscopy for bacterial contamination.
Isolation of BA metabolites. After incubation, the flask contents were extracted three times with equal volumes of ethyl acetate. The organic phase was dried over anhydrous sodium sulfate, and the solvent was removed under reduced pressure in dim light. The residue remaining was dissolved in 1 ml of acetone and analyzed by thin-layer chromatography (TLC) and high-pressure liquid chromatography (HPLC). (16, 27) . Four flasks, each containing acetone (375 ml), BA (125 mg), ascorbic acid (20 g), ferrous sulfate (2.5 g), EDTA (tetrasodium salt; 1.25 g), and water (375 ml), were bubbled with air at a rate of 600 ml/min for 6 h.
The contents of the flasks were combined, the acetone was removed under reduced pressure, and the unreacted BA was removed by filtration. The filtrate was extracted with two 250-ml volumes of chloroform, and the resulting extracts were combined and dried over anhydrous sodium sulfate. The chloroform was removed under reduced pressure, and the remaining extract was subjected to TLC by using a benzeneethanol (9:1) solvent system (solvent B). The BA dihydrodiols were detected as a violet band (R 0.4) under UV light. The silica gel containing the dihydrodiols was scraped from the plate. The dihydrodiols were eluted from the silica gel with methanol and purified by semipreparative HPLC. The chromatographic properties of these compounds were identical to previously published spectra (16) .
Preparation of tetraols. Tetraols of BA were synthesized by hydrolysis in water of BA 8,9-diol-10,11-epoxide (syn and anti forms) and BA 10,11-diol-8,9-epoxide (syn and anti forms). A 1-mg portion of each dihydrodiol epoxide was dissolved in 200
[lI of tetrahydrofuran and added to 200 ml of distilled water.
The resulting solution was incubated in dim light at room temperature for 48 h and then extracted three times with equal volumes of ethyl acetate. After the preparation was dried over anhydrous sodium sulfate, the organic phase was removed under reduced pressure in dim light. The (8) . Solvents for HPLC were purchased from Burdick and Jackson Laboratories, Inc., Muskegon, Mich. All of the other chemicals used were of the highest purity available.
RESULTS
Isolation of BA metabolites. Preliminary investigations showed that BA was rapidly metabolized to a complex mixture of polar products. BA (26 ,mol) and [14C]BA (23 nmol) were incubated with C. elegans in a 30-ml culture for 12 h, and the ethyl acetate-extractable material was analyzed by using HPLC condition A. A total of 40% of the added radioactivity was extractable; one-half of this radioactivity represented unchanged BA, and one-half represented polar products (Fig. 1 ). An analysis of separate flask cultures at various times over 6 days revealed that the level of extractable radioactivity per flask remained constant at 40% but that nearly all of the extractable BA had been metabolized by 48 h (data not shown). The remaining 60% of the [14C]BA was adsorbed to the mycelium.
One metabolite had an HPLC retention time (23 min) similar to that of synthetic BA 3,4-, 8,9-, and 5,6-diols (Fig. 1) . Time course experiments (data not shown) revealed that the amount of this fraction was maximal at 2 h, when it accounted for 5% of the added BA. Since HPLC condition A could not resolve BA 3,4-, 8,9-, and 10,11-diols, it was possible that this fraction was a mixture of dihydrodiols. Consequently, the i r J . crude residue containing the BA metabolites was subjected to preparative TLC with solvent B to separate the dihydrodiols from other oxidation products. An analysis of the dihydrodiol fraction by HPLC (condition B) gave the results shown in Fig.  2 . BA 1,2-diol (retention time, 12 min) was not detected as a fungal product. A fraction whose retention time was similar to that of synthetic BA 10,11-diol (35 min) proved to be identical with respect to its UV spectrum (Xma at 271, 274, and 306 nm) and mass spectrum (M+, m/z 262; M+-18, m/z 244). Quantitation of the dihydrodiol fraction by using [14C]BA established that BA 10,11-diol accounted for 6% of the fungal dihydrodiols.
The larger dihydrodiol fraction (retention time, 32 min) accounted for 94% of the radiolabeled fungal dihydrodiol and had the same retention time as synthetic BA 3,4-, 5,6-, and 8,9-diols. To resolve these dihydrodiols, this fraction was concentrated and subjected to HPLC analysis by using condition C. The results (Fig. 3) indicated that BA 8,9-diol was the major isomer (90%), BA and trans-dihydrodiols. The addition of acid to solutions of the two dihydrodiols caused alterations in the UV spectra (data not shown). The rates of change observed at 290 nm for BA 8,9-diol and at 280 nm for BA 10,11-diol produced by the fungus proved to be identical to those of the synthetic counterparts.
Identification of a BA tetraol. A highly polar metabolite that had retention time of 10 min under HPLC condition A (Fig. 1) produced a phenanthrene-like UV spectrum, indicating saturation of the 8,9,10,11 ring. The mass spectrum of a metabolite in this fraction had a parent ion at mlz 296, indicating that it was a BA tetraol, a compound with four hydroxyl groups. This compound could be formed from BA 8,9-or 10,11-dihydrodiol by a second epoxidation, which gave rise to a diol epoxide, and subsequent hydrolysis of the epoxide. Accordingly, each of the possible diol-epoxide isomers of the 8,9,10,11 ring, 8,9-diol-10,11-epoxide form 1 (syn) and form 2 (anti) and 10,11-diol-8,9-epoxide forms 1 and 2 (Fig. 4) , was hydrolyzed in distilled water and analyzed by using HPLC condition D. The results are shown in Fig. 5 .
Hydrolysis of 8,9-diol-10,11-epoxide-1 or 10,11-diol-8,9-epoxide-1 yielded two products, but hydrolysis of 8,9-diol-10,11-epoxide-2 or 10,11-diol-8,9-epoxide-2 yielded only one hydrolysis product. The results of a mass spectral analysis confirmed that all of the products were tetraols. Each of the form 2 tetraols had the same HPLC retention time as the tetraol formed by C. elegans, but the form 1 tetraols did not. In an effort to elucidate the relative stereochemistry of the biological tetraol and the two form 2 tetraols, each compound was reacted with potassium triacetylosmate in an acetic acid solution. It has been demonstrated with a number of benzo-
[a]pyrene dihydrodiols (30) that potassium triacetylosmate reacts with compounds containing vicinal cis-hydroxyl groups and that there is a corresponding change in the color of the reaction mixture from blue to yellow. The negative results obtained with the BA tetraols indicated that vicinal cishydroxyl groups were absent, which is presumptive evidence that each tetraol has an all-trans configuration (i.e., 8f3,9a,1003, lla-tetrahydroxy-8ot,9,3,10a,11-tetrahydro-BA). The qualitative nature of this procedure made additional verification of relative stereochemistry desirable, in light of the expected products of cis or trans hydrolysis of the epoxide ring (Fig. 6) , which did not accommodate an all-trans configuration. Therefore, the tetraols were reacted with acetone to form acetonide derivatives, which were analyzed by using HPLC condition E. The possible products are shown in Fig. 6 . If the two diolepoxides were hydrolyzed in a cis fashion, each would have formed a unique tetraol having three adjacent cis hydroxyl groups. This arrangement would have allowed the formation of two different monoacetonide derivatives. On the other hand, trans opening of the epoxide rings would have yielded the same tetraol from each diol-epoxide. As this tetraol would have had only two vicinal cis hydroxyl groups, it could form only one monoacetonide. HPLC analyses of the acetonide reaction mixtures containing the tetraols obtained from 8,9-diol-10,11- epoxide-2 and 10,11-diol-8,9-epoxide-2 and the tetraol produced by C. elegans were performed. In each case, a single, less polar peak (retention time, 18 min) was observed, and this peak gave a mass spectrum which indicated that it was a monoacetonide with a parent ion at m/z 336. This result, in contrast to the result of the potassium triacetylosmate test, indicated that two adjacent hydroxyl groups in fact have a cis relative stereochemistry. By analogy with the results of Yang et al. (30) obtained with benzo[a]pyrene tetraol acetonides, the presence of an ion at m/z 236 in the microbial metabolite indicates that reverse Diels-Alder cleavage of the terminal ring occurs. This is direct evidence that the cis hydroxyl groups are at positions 9 and 10, as this reaction is not expected to occur between positions 8 and 9 or between positions 10 and 11. Therefore, the three tetraols have the relative structure 8,B,9ot,10ct,1 13-tetrahydroxy-8ot,9p,10,,1 ox-tetrahydro-BA.
Since the tetraols obtained from 8,9-diol-10,11-epoxide-2 and 10,11-diol-8,9-epoxide-2 were identical to the fungal tetraol, this product may arise by epoxidation and hydrolysis of either BA 8,9-diol or BA 10,1 1-diol, both of which are metabolites of C. elegans.
DISCUSSION
Our results demonstrate that C. elegans can rapidly oxidize BA to an array of metabolites (Fig. 7) . Thus, C. elegans forms three trans-dihydrodiols at the 3,4, 8,9, and 10,11 positions; after 2 h of incubation, these dihydrodiols represent 0.16, 3.6, and 0.24%, respectively, of the added BA. The BA 8,9-and 10,11-dihydrodiols formed by the fungus exhibited the same rate of acid-catalyzed dehydration to phenols as the corresponding synthetic trans-dihydrodiols, indicating that the fungal products had trans rather than cis relative stereochemistry. This finding supports the observations (5, 24) that eucaryotic organisms tend to oxidize aromatic substrates through arene oxide intermediates, leading to formation of trans-dihydrodiols, while procaryotic organisms generally oxidize aromatic substrates through cis-dihydrodiols.
The relative amounts of the dihydrodiols produced by the Further metabolism could also prevent free K-region dihydrodiols from accumulating. The formation of BA 3,4-dihydrodiol by C. elegans suggests that the fungus may be capable of forming BA 3,4-diol-1,2-epoxide, the ultimate carcinogenic form of BA proposed in the bay region theory (17) . However, the apparently low rate of formation makes it unlikely that further metabolism could profitably be studied with BA as the substrate. It would be of interest to use synthetic 3,4-dihydrodiol as a substrate in a biotransformation experiment to trace the further metabolism of this compound. In this regard, the procedure of Tierney et al. (27) for synthesis of the dihydrodiol would be valuable, since none of the BA dihydrodiols are commercially available. A potential problem with this synthesis is the presence of 8,9-dihydrodiol as a contaminant of 3,4-dihydrodiol under most chromatographic conditions; this may be overcome by the two-step HPLC procedure described above, which allows separation of all five BA trans-dihydrodiols.
The characterization of a BA tetraol (8P,9a,10a,11j3-tetrahydroxy-8ot,9I,10p,1la-tetrahydro-BA) described above is the first definite identification of a biologically produced BA tetraol. The presence of this compound also suggests prior formation of BA 8,9-diol-10,11-epoxide-2 and/or BA 10,11-diol-8,9-epoxide-2. The former isomer has been reported to form extensive DNA adducts (18) (23) . If the much higher expected rate of synthesis of 8,9-diol-10,11-epoxide is significant, the net carcinogenicity of BA may in fact be due to the sum of the carcinogenicities of the chemically reactive metabolites formed in mammalian systems, with allowances for their relative amounts, rather than to the formation of a single ultimate carcinogen.
